Introduction
Over the last decades much research has been dedicated and reported in literature on the Alternating Current electrograining (A.C. electrograining) mechanism and the parameters that change the final pitting morphology of electrograined aluminium. The reason is the increasing industrial demand every year (currently estimated to be 800,000,000 m 2 /year) for high quality litho-printing and super capacitors for energy storage. Both applications relay on the production of a controlled roughened surface on aluminium foil which can be achieved through A.C. electrograining. In this case pitting is used as a surface treatment for the production of a larger surface area with uniform pits.
In the past, research focused on different conditions of the A.C. electrograining of aluminium in relation to the final pitting morphology. The charge density, the wave shape of the applied current, the electrolyte concentration, the frequency or the temperature are factors that were studied extensively. The industrial application of the A.C. electrograining process makes it very important to understand and correlate all the parameters which affect the graining. The mechanism which initiates or affects the final morphology needs to be understood. In this chapter we will present an overview on the influence of the different A.C. electrograining conditions on the final pitting morphology, with the focus mainly on the smut film formation. The latter has proven to play an important role during the A.C. electrograining but little correlation was shown so far between the smut film formation and the pitting morphology. We will present in this article the importance of the smut film formation mechanism during the A.C. electrograining of aluminium and the H 2 evolution, taking place during the cathodic half cycle. Conditions, such as the applied potential, the electrolyte concentration, the frequency and the charge density are important to be presented since they play a crucial role in the creation of the final pitting morphology of aluminium.
Much effort has recently been put towards understanding the H 2 evolution; therefore it is important to include in this chapter reported differences observed in gas retention within the etch smut film for different electrochemical conditions and relate these differences to the final smut morphology.
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The aim of this article is to gather information available on the etch smut morphology and the smut formation mechanism for a better understanding of the influence of the etch film on the final pitting morphology.
A.C. electrograining mechanism
A.C. electrolytic graining or electrograining is a process used for the creation of a uniformly pitted morphology on aluminium surfaces. Electrograining can increase the specific area of a smooth aluminium foil by up to a factor of 200 [Ono & Habazaki, 2011 , Dyer & Alwitt 1981 . The process is industrially applied in lithographic printing plates, where a larger surface area is necessary in order to enhance the water retentive properties of the aluminium and to improve the adhesion of the photosensitive coating which is deposited after electrograining and anodising of the aluminium substrate. Also in the preparation of aluminium capacitor foils an electrochemical etching of aluminium is required. This enlarges the surface area of the electrolytic capacitor electrodes permitting a reduction both in cost and in size of the capacitor [Jackson, 1975] .
The aluminium substrate is electrograined in an electrolytic cell using a suitable electrolyte, usually a strong acid like hydrochloric acid (HCl) or nitric acid (HNO 3 ). Additives such as citric acid, nitric acid, boric acid etc. are used to improve the uniformity of the pits [Terryn, 1987] . The required morphology is created by applying a sinusoidal alternating current (Figure 1 ) or voltage which determines the initiation, propagation and repassivation of key pits during each period of the AC cycle, mostly with a frequency of 50 or 60 Hz. Fig. 1 . Applied alternative AC current waveform during one period During the anodic half cycle oxidation of aluminium to Al +3 ions occurs; dissolved aluminium is removed to the bulk of the solution and cubic pits are formed [Dyer & Alwitt, 1981] . The reactions taking place during the positive polarisation are:
In the cathodic half period, due to hydrogen gas evolution (reaction 3), the pH can rise above 5. The previously formed Al 3+ ions which were not yet removed from the surface, precipitate as aluminium hydroxide Al(OH) 3 (reaction 4). Aluminium hydroxide is insoluble in water and precipitates as a white gel [Vargel et al, (2004) , Dyer & Alwitt, 1981] . The latter together with aluminium particles, water and ions from the electrolyte create an amorphous etch film, called smut layer, formed in a colloidal phase which masks the pits and causes an increase in the potential. [Terryn, 1987 , 1991a , 1991b , Laevers, 1992 , 1995 2H + + 2e - H 2 (3)
A further increase of the pH above 9 will result in oxidation of aluminium to AlO -2 ions (reaction 5); these will eventually precipitate as aluminium hydroxide when the pH of the layer close to the surface decreases rapidly [Pourbaix, 1974 , Terryn, 1987 , Laevers, 1995 , Buytaert, 2006 , Wilson et al, 2008 , Hülser, 1955 . The decrease of the pH can be due to protons (H + ) coming from the bulk electrolyte and/or oxygen evolution during the abovementioned reactions. [Laevers, 1995 , Buytaert, 2006 , Pourbaix, 1974 , Terryn, 1987 Al + 4OH - AlO -2 + 2H 2 O + 3e -
The cathodic half period involves the re-passivation of the substrate resulting in a redistribution of attack during the subsequent anodic half-period, which is necessary for the creation of a uniform pitting morphology [Dowell, 1979 , Terryn, 1987 , Buytaert, 2006 . A schematic representation of the electrograining process can be seen in Figure 2 .
Depending on the electrolyte, the pit initiation and propagation can differ and the pitting morphology can vary between a uniform, non-uniform and etch-like morphology. The formation of pits can also vary between crystallographic, shallow and worm-like pits as illustrated in Figure 3 .
The resulting pit shape depends on whether the process is activation or diffusion controlled. During the activation controlled process, metal atoms are removed from various crystal planes resulting in the formation of crystallographic pits [Smialowska, 1986] . This condition occurs during the first stages of pit growth where only small changes in Cl¯ concentration occur within the pit [Smialowska, 1986] . When chloride ions undergo chemisorptions on the crystallographic facets on the bottom of the pits the potential increases and solution concentrates within the pits. Here diffusion is the predominant phenomenon resulting in the formation of hemispherical pits [Smialowska, 1986] .
The properties of the passive film influence the initiation of the pit but they do not contribute significantly in the pit growth. For stable pit growth a high concentration of Cl¯ and a low pH inside the pit eliminate the repassivation at the initial stage. After longer times the pit growth is a diffusion controlled process [Smialowska, 1999] . [Laevers, 1995] Koroleva showed that by controlling the extent of anodic or cathodic polarisation and by considering the local interfacial solution conditions, tailored and optimised pitting morphologies are obtained. This can be understood by examining the cathodic polarisation which promotes the pit initiation and eliminate pit growth; a high population of fine hemispherical pits is observed after electrograining with cathodic bias [Koroleva, 2005] .
How the electrograining conditions can influence the uniformity of the pits and the final surface morphology will be discussed in the following paragraphs.
Influence of the electrolyte on the electrograining process
For a uniform pitting morphology on an aluminium substrate, a suitable electrolyte must be chosen. A strong inorganic acid such as hydrochloric or nitric acid has been mainly used www.intechopen.com and studied extensively the past years. Each one can give a uniform pitting morphology at a suitable temperature and concentration and with the appropriate applied current density. The solutions used for graining are diluted and there should be a balance between the aggressiveness of the electrolyte, necessary to initiate the pitting, and the low anion concentration, necessary for the re-passivation to occur [Dowell, 1986] . HCl is suitable at a range of 0.5 to 10% v/v whereas less aggressive acids need a higher concentration [Dowell, 1986] .
HCl gives a characteristic crystallographic pitting morphology whereas HNO 3 results in a shallower pitting structure [Laevers et al, 1993 , Terryn 1987 , Bridel et al, 1983 . The density and the number of pits are proportional to the electrolyte aggressiveness and the substrate conditions, whereas the pit size is related to the local anodic charge passed [Laevers et al, 1993 , Terryn, 1988 , Dyer & Alwitt, 1981 , Dowell, 1979 . The use of Hydrofluoric Acid leads to the formation of surfaces that are made of significantly smaller, shallower and more uniform pits with a much higher pit density as it is illustrated in Figure 4 [Wilson, 2006] . The presence of hydrofluoric acid in solution leads to both a rapid dissolution of the second phase particles and a breakdown of the protective oxide film with pit initiation as a result of the presence of highly aggressive F -ions in the solution [Wilson, 2006] . The use of additives such as citric acid, disodium phenyl phospate dihydrate (DPPD), acetic acid etc. can improve the uniformity of the pits [Terryn, 1987] . Acetic acid can catalyse the hydrogen evolution reaction. Acetate ions are involved in inhibiting the reactions at the surface either by surface deposition or as a competitor ion to chloride. The use of the DPPD as an additive decreases the dissolution reaction of aluminium, and polarisation data has shown a shift in the pitting potential to higher values. The increased surface inhibition by the addition of DPPD is caused by the formation of a protective layer on the aluminium.
An interesting study on the influence of the additives during the electrograining was done by Wilson et al, (2008) who evaluated through NMR studies the differences induced by additives in a hydrochloric acid electrograining solution regarding the smut and the pitting morphology. The addition of DPPD or citric acid was proven to deteriorate or enhance respectively the pit uniformity. Further, the addition of citric acid causes the formation of a more porous smut layer and a final surface morphology with larger pits and fewer plateau areas in comparison with the morphology produced in HCl electrolyte.
The addition of H 2 SO 4 decreases the pit cluster size and increases pit-on-pit growth. Sulfate ions that are absorbed on the surface can impede the nucleation and the pit-on-pit propagation [Ono & Habazaki 2009] . A suitable sulfate concentration in the etchant can lead to a deep and homogenously etched layer with high surface area [Ono & Habazaki 2009] . It was shown previously that sulfate ions could shift the pitting potential in the positive direction [Tomcsanyi et al 1989 , Kim et al 1999 , Lee et al 2000 , Ono & Habazaki 2009 . This was later interpreted as the elimination of the competitive adsorption of sulfate ions by chloride ions [Ono & Habazaki 2009] . The rise of the pitting potential indicates the impediment of pit initiation of pure aluminium by sulfate ions [Kim et al, 1999 , Ono & Habazaki 2009 . It was also observed that an excess of H 2 SO 4 in the electrolyte promotes the formation of an etched layer with uniform thickness, since the pit formation is suppressed on the aluminium surface [Ono & Habazaki 2009 ].
Lin and Li, (2006) on the other hand had a different observation regarding the pitting formation in the presence of sulfate ions. They observed that the formation of strings of cubic pits was suppressed by the sulfate ions and the pit formation of the aluminium surface was enhanced.
Potential evolution during the electrograining process
Dimogerontakis, (2007) and Laevers, (1995) studied the changes in anodic and cathodic potentials during the electrograining, proposing a mechanism for the electrograining in HCl. It was observed by Dimogerontakis that within the first second of the electrograining three subregions are observed ( Figure 5 ). Within the first few ms both the anodic and cathodic potential increases strongly due to the dissolution of the second phase particles that are distributed at the surface and the possible build up of dissolution products. In the second region the anodic potential decreases to a minimum value, which is correlated to the degradation of the initial protective oxide film present on the surface and to the initiation of the crystallographic pitting of the aluminium surface. A third region is observed where both anodic and cathodic potential increases mainly due to the deposition of etch product during the negative half period, which begins at the end of the second region. Moreover the cathodic reaction has a greater hindrance from the smut than the aluminium dissolution. The amount of charge passing through the surface during the anodic half cycle is given by the following equation [Laevers et al, 1992 [Laevers et al, , 1993 [ ] where J max (A/m 2 ) is the maximum current density and ω=2πf, with f(Hz) the electrograining frequency.
From the previous two equations it can be concluded that by decreasing the frequency of the graining the period of time during which the anodic polarisation takes place increases, while an increase in the current density promotes the oxidation of aluminium [Laevers et al, 1993] . Laevers et al, (1992 Laevers et al, ( , 1993 Laevers et al, ( , 1998 mention that the response potential (cell voltage including the ohmic drop over the electrolyte) during the electrograining increases as a function of increasing current density, but show that in HCl the response potential is independent of the current density imposed. This leads to the conclusion that in HCl the electrograining of aluminium was controlled by aluminium oxidation and hydrogen gas evolution, which is a mass transport phenomenon, and thus by the transport conditions of reactants and products at the electrode surface. The presence of the smut layer has an influence on the mass transport phenomena affecting the electrical properties of the electrode/solution interface. Lee et al (2000) showed that the exposed metal surface at the bottom of the micro-pits that are formed during the cathodic polarization acts as a preferential site for Cl¯ ions attack during the following anodic half cycle. Thus with a sufficient cathodic polarization the formation of micro pits can take place, promoting the corrosion of pure aluminium [Lee et al 2000] . Ono and Habazaki, (2010) proved that there is no influence of the current waveform (direct, anodic or square) on the amount of dissolved aluminium, but it changes the etch morphology from angular pits (direct current) to large hollow pits at low density (anodic current) and uniform etch films (for a square wave).
Influence of the substrate on the electrograining process
Most of the commercial aluminium alloys have a relatively high concentration of magnesium, iron, silicon and manganese, therefore it is important to show the influence that those elements have on the electrochemical properties of aluminium.
It was observed that local, coarse pit development is due to the presence of intermetallic particles [Terryn, 1987] . The intermetallics can act as cathodic sites and therefore anodic dissolution can take place at the interface of the intermetallic with the aluminium matrix [Terryn, 1987 [Terryn, , 1988 . In this way the locally concentrated current reduces the amount of the effective current available for electrograining and thus for pit initiation or propagation [Terryn, 1987 [Terryn, , 1988 . Dowell, (1986) mentioned that intermetallic particles (such as FeAl 3 , αAl-Fe-Si and in less activity βAl-Fe-Si) act as sites for pit initiation. He also showed that grain boundaries act as preferential sites for the pit development whereas alloy elements such as copper, iron and zinc give more plateau areas in the final pitting morphology. Mg, Si and Mn did not appear to have a significant influence on the pitting morphology. Even though many pits are initiated at the sites of intermetallic particles there were many particles (around 50%) that were observed as inactive in the pit generation. The mechanism proposed for the initiation at intermetallic particles was that intermetallics do not form a protective oxide layer, therefore even if they are electrochemically less negative than the aluminium they dissolve faster revealing the underlying aluminium surface, which can then act as initiation point. Laevers, (1996) presented the influence of manganese on the electrograining of aluminum. A more uniform final pitting morphology was observed when the amount of manganese present in solid solution was decreased, but this could only be noticed in the more advanced stages of the graining process.
On the influence of iron and silicon Laevers, (1995) showed that when iron is present in solid solution, the average pit is shallower, whereas when silicon is present a non uniform morphology is observed with merged hemispherical pits, worm like pits and unattacked surface.
Zn and Mg promote a quick initiation of pits due to the more effective current distribution, which leads to a convoluted surface with larger grains and eliminated plateau areas [Sanchez et al, 2010] .
Little information is available regarding the grain boundaries and the grain orientation in relation to specific preferential sites for the pitting initiation. It was observed that there were only 30% more pits at boundaries than expected from a random distribution [Dowell, 1986] . Cubic pits on the other hand are characteristic of the attack on (100) crystallographic planes because impurities segregate to cellular boundaries in [100] direction [Martinez-Caicedo et al 2002 , Koroleva et al, 2005 . The segregates enhance cathodic activity, increasing the response potential [Martinez-Caicedo et al, 2002] . It was also observed that the subgrain boundaries could be the pit nucleation sites at the onset of electrograining [Marshall et al, 1995] .
Two effects of microcrystallization on the pitting behaviour of pure aluminium are reported: (1) the rate of pit initiation is accelerated; (2) the pit growth process is impeded. This leads to the enhancement of pitting resistance for microcrystallized aluminium [Meng et al, 2009] During the industrial rolling of aluminium sheet, rolled-in oxides are formed, creating a disturbed subsurface layer [Buytaert, 2006] . This alters the surface morphology of the aluminium substrate and thus influences the electrograining in HCl or HNO 3 solutions. It was observed that a large amount of ungrained rolled-in oxides remains even after graining at high charge densities [Rodriguez, 2011] . The interface between rolled-in oxides and aluminium matrix can act as a weak point for the pit initiation, therefore an etching was proposed as a necessary pre-graining step [Rodriguez, 2011] .
Smut film formation and morphology
It is known that during electrograining an etch film is formed masking the aluminium surface, mainly composed of hydrated aluminium ( Figure 6 ) [Thompson & Wood, 1978 , Dowell 1986 , Terryn, 1987 , Marshall, 1995 Laevers, 1996 , Amor & Ball, 1998 ]. The film formation mechanism, morphology and weight differ upon different graining conditions therefore a thorough investigation of several parameters is necessary. Fig. 6 . Smut film morphology of aluminium sheet electrograined in HCl at 50Hz top view(left) and bended & cracked sample(right) [Raes, 2009] Dowell, (1979) showed that the cell voltage undergoes a proportional increase to the weight of smut film formed during graining in HCl. This indicates that the smut film causes an increase in the resistance to current flow.
As it was observed by Dyer and Alwitt, (1981) cubes propagate from new different point gaps inside each cube due to the weak points in the protective etch film. Whereas during direct curent etching of alumium under the same conditions no smut is formed, and cubes are formed by subsequent propagation outward of the first cube. The presence of the smut changes the pit formation mechanism and prevents the outward propagation. This indicates that the smut layer plays an important role in the final pitting morphology. The thickness and the morphology of the smut are yet to be examined in order to fully identify their role. Laevers, (1995) observed that by imposing the same conditions during electrograining in HCl and in HNO 3 electrolytes, the amount of etch product is the same but the morphology differs. The smut formed in HCl is a non uniform mud-like layer whereas in HNO 3 smut is formed at the rim of the regular hemispherical pits [Laevers, 1993] . He also mentioned that if the amount of Al 3+ ions, precipitated as aluminium hydroxyde is low, hemispherical pits with walls decorated with a high population density of cubic shaped key pits will be formed. If a high amount of hydroxyde is precipitated, an etch like morphology will be obtained. This indicates that the development of the surface morphology is influenced by the mechanism of development of the etch layer.
In the presence of HF a thin and highly porous etch film with numerous superfine pits on the surface is observed [Wilson, 2006] . Only a very thin, non-uniform layer of smut can be deposited in the presence of HF as a result of both the highly aggressive nature of the F -ions present and the production of highly soluble corrosion products compared to those produced in HCl [Wilson, 2006] . The activation of the surface by the fluoride ions and the lack of formation of a compact etch film allows the whole of the aluminium surface to be available to undergo graining reactions [Wilson, 2006] . Unlike the case of the hydrochloric acid where a build up of smut can lead to some blocking of the surface, especially in the regions proximal to the early pits that are formed [Wilson, 2006] . This means that as the electrograining process progresses the area susceptible to graining is reduced leading to continued reaction at pre-existing pits, which in turn leads to the observation of larger and deeper pit morphologies [Wilson, 2006] .
The etch film itself is amorphous [Lin et al, 2001 , Laevers, 1995 but tends to crystallize when irradiated by 200 keV electrons. Smut is formed during the cathodic half cycle of the electrograining by a dissolution/precipitation mechanism caused by the production of H 2 resulting in high local pH values [Thompson, 1978] .
In recent studies it was observed that the addition of additives on the electrolyte can influence the smut morphology. The addition of acetic acid is shifting the pH in lower values thus producing a smut with very small pores [Wilson, 2008] . The porous smut layer increases the amount of aluminium dissolution or pit initiation resulting in a final surface morphology with less plateau areas [Wilson, 2008] . On the other hand it was shown that the addition of DPPD shifts the interfacial pH to higher values, reducing the dissolution rate of aluminium; therefore a pitting morphology with few but large pits surrounded by large plateau areas is observed [Wilson, 2008] . Dimogerontakis et al, (2006) noticed that by increasing the current density the amount of produced smut increases as a result of the high concentration of aluminium inside the pits during the anodic half period and of the local increase of the pH during the cathodic half cycle. This resulted in a decrease of the population density of the pits and to an enhanced pit growth. Thus at high current we can obtain less but bigger pits. Lin and Chiu, (2005) showed that the variation of the duration time of the anodic, t a to cathodic, t c half cycle changes the thickness of the smut. Smut is decreased by increasing the t a /t c ratio while the average size of the individual hemispherical pits increases. This indicates that during the anodic half cycle the pits grow through the dissolution of aluminium while the etch film is formed during the cathodic half cycle when local pH increases due to hydrogen gas evolution. Moreoever they noticed that the etch film in some areas was pushed away from the surface by certain forces exerced on the interface. It is believed that the pressure accumulated within the hydrogen bubbles or produced when H 2 gas leaves the smut surface gives space for new pit initiation in the aluminium substrate during the anodic half cycle. When the etch film reaches a certain thickness, the conduction resistance increases, the further pit growth will be prevented and consequently new pits will be initiated elsewhere.
Hydrogen gas evolution
The presence of hydrogen gas through reaction 2.3 can cause the increase of the local pH, which eventually causes the precipitation of aluminium hydroxide and the formation of the smut layer, masking the pitting morphology. In this paragraph we will try to understand the mechanism of the hydrogen gas evolution while it is released and leaves the smut and identify whether there is a relation between the H 2 evolution, the morphology of the smut and the pitting morphology.
The reduction of H + during the cathodic half period was observed to be a mass transport controlled phenomenon [Laevers, 1995] . This indicates that the amount of precipitated aluminium hydroxide will be influenced by the time needed for sufficient H + to be gathered at the surface for the pH to rise above 5. The amount of the precipitated aluminium hydroxide is determined by the surface area, which is taking part in the active dissolution of aluminium [Laevers, 1995] .
Hydrogen gas evolution during the cathodic half period may cause the transition of the pit initiation from flaws of the film to sites by removal or cracking up of the protective oxide film. By increasing the treatment time or the charge density, the growth rate is not the same for all pits.
Few recent publications can be found regarding the hydrogen gas evolution during the cathodic half cycle of the electrograining of aluminium. Tomasoni et al, (2010) showed that by using a rotating aluminium disk as working electrode, the hydrogen bubble size and the potential during the electrograining in HCl are increasing at the same rate and show the same transient in time. As the pit diameter increases, the bubble departure time from the electrode decreases whereas during region III (as indicated by Dimogerontakis and Terryn, (2007) ) it was noticed that the smut layer is filled, at decreasing rate, by gas while growing: the hydrogen flux from the electrode to the bulk solution is thus increasing in time and the bubble break-off diameter increases as well.
Small Angle X-ray Scattering (SAXS) is proposed to be able to characterize Al(OH) 3 gels [Bale & Schmidt, 1959 , Christensen et al, 1982 , Sinko et al, 1999 . The aluminium hydroxide particles inside precipitated gels have been considered as oblate spheroids (platelets) or polydisperse spheres that are made from individual (solid) aggregated Al(OH) 3 molecules [Bale & Schmidt, 1959 , Bottero, 1980 , Christensen et al, 1982 , Bradley, 1993 , Sinko et al, 1999 . Those aggregate particles can agglomerate inside the gel as seen from SAXS measurements [Bale & Schmidt, 1959 , Sinko et al, 1999 .
It is known that smut is an amorphous Al(OH) 3 gel, with a dry thickness less than 1 μm [Thomspon & Wood, 1978 , Terryn et al, 1991a , 1991b , Lin et al, 2001 . In recent studies using small angle x-ray scattering it was shown that hydrogen is retained in the smut, playing an important role in the process [Hammons et al, 2010] : scattering data can be presented as a log to log plot of the intensity, I, versus the scattering vector, q, which is related to the angle of each intensity measurement. The size, shape and structure of particles can be determined from SAXS data. During the electrograining there is significant solution bubbling which increases the transmission compared to subsequent frames where there is lower transmission due to lower amount of gas bubbles in the beam path. The first SAXS data showed that there is a significant volume fraction of gas within the gelatinous smut layer in HCl [Hammons et al, 2010] . When DPPD was used as an additive in the electrolyte, less hydrogen fraction was detected in the smut so it was concluded that hydrogen can permeate through the smut in a more uniform manner without damaging it to a significant extend and therefore the dissolution occurs in a more homogeneous way [Hammons et al, 2010] .
The reason why gas is retained in the smut is yet to be elucidated but it is assumed to be related to the gas release during or after the electrograining [Hammons, 2011] . Gas release after electrograining and gas diffusion can be estimated through SAXS measurements, but gas permeation during the electrograining is difficult to study [Hammons, 2011] .
Gas release after electrograining is characterized by some parameters correlated to the gas diffusivity of the smut and to the total gas release [Hammons, 2011] . These parameters are considered to be functions of how well the smut can accommodate gas release in the absence of a pressure drop [Hammons, 2011] .
A mechanism for the gas release was proposed by Hammons, (2011) through data collected from scattering images using in situ Small Angle X-ray Scattering (SAXS). It has been suggested that pores or water passageways that can facilitate gas permeation during electrograining close after the electrograining, and as such the gas is trapped inside the smut under certain conditions [Hammons, 2011] as illustrated in Figure 7 . However, at a higher frequency and with the incorporation of additives, pores do not collapse and form a tortuous porous network that causes an increase in the pressure of the hydrogen gas near the interface [Hammons, 2011] .
By observing the pitting morphologies after desmutting of the samples it was seen that the interfacial gas pressure can influence the final pitting morphology and give a more etch like morphology, as was observed beneath smut with little porosity, whereas at higher smut porosity a more uniform morphology is observed [Hammons, 2011] . Fig. 7 . Mechanism for smut permeation during electrograining where a passageway opens around the Al(OH) 3 agglomerates and after electrograining the pores collapse leaving behind retained gas (white) [Hammons, 2011] The use of additives and the gas release behavior was also examined with SAXS. Smut formed with citric acid has similar gas diffusion properties of that with HCl [Hammons 2011 ]. Based on the presence of large pores, high gas diffusion and low gas retention, smut was formed with DPPD [Hammons 2011] . These large pores are correlated with a surface morphology that contained very deep pits [Hammons 2011 ]. This work is yet to be published.
A difference in the smut porosity was observed with different additives as reported previously. The additives increase the smut porosity, compared to the reference sample that www.intechopen.com Importance of Etch Film Formation During AC Controlled Pitting of Aluminium 131 was grained only in HCl. The addition of citric acid resulted in a smooth smut morphology, similar to HCl, but with more porosity. Although a gas release mechanism similar to that of a HCl electrograined sample was experimentally observed in the SAXS data, an increase in the measured potential indicated that some open pore permeation was possible and could explain the difference in the final pit morphology, compared to the reference HCl electrograined sample [Hammons, 2010 [Hammons, , 2011 .
Electrochemical impedance spectroscopy was also used to describe the pitting formation mechanism. Brett, (1990) proposed a multistep dissolution mechanism by considering that surface aluminium atoms are oxidised stepwise until a soluble aluminate film is formed. It was concluded that migration takes place and therefore in a transient solution the soluble products are removed easily while increased mass transport supplies larger quantities to the electrode surface [Brett, 1990] . In an upcoming publication we will show that the Multisine Electrochemical Impedance Spectroscopy can give more valuable information regarding the presence of hydrogen trapped inside the smut. In addition to the known effect of additives such as DPPD, which are known to give a different smut thickness and morphology, it is assumed that those additives also influence the gas permeation mechanism. By using impedance data the movement of the gas inside the smut layer can be modelled.
Pitting morphology
HCl is known to give a uniform crystalographic cubic shape pitting morphology whereas HNO 3 gives more shalow like pits [Terryn, 1987 , Laevers, 1995 as it is illustrated in Figure 8 .
It was observed by Terryn, (1987) that by increasing the frequency from 1 to 100 Hz we can observe a change from morphologies with locally attacked sites and discrete pits (1Hz) to more uniform attacked areas with increased pitting density. A sufficient current can give uniform pitted surfaces but when a current density of 300 A rms dm -2 is applied it can give rise to a less uniform pitting morphology [Laevers, 1995] . Thompson and Wood, (1978) showed that in HCl, pit formation occurs at gaps in the air formed alumina film on the aluminium substrate. The gaps can be either caused mechanically due to physical features on the metal or can be associated with compositional features [Thompson & Wood, 1978 , Lindseth 1999 , Afseth, 1999 . Upon graining in HCl a large population density of pits (more than 10 13 m -2 ) of sizes around 160 nm is formed in the first cycles of electrograining and remains constant, but the smaller pits grow during the A.C. electrograining and merge with other pits leaving less plateau areas [Thompson & Wood, 1978] .
By comparing the shape of the key pits building up the surface we could conclude that the anodic metal dissolution during graining in hydrochloric acid occurs in preferred directions, while during the dissolution of aluminium in nitric acid it occurs isotropically (building up from a flat walled hemispherical pit) [Laevers 1995] . The anodic and cathodic process seems to occur on fresh surfaces at new positions for each cycle and the cube propagation starting at different points in the cubic phase appears to happen in a random way [Dyer & Alwitt, 1981] .
Pitting is preferentially following the rolling lines as observed from the first electrograining steps [Dowell, 1979 [Dowell, , 1986 . Grain boundaries act to some extend as preferential sites for the initiation of pits [Dowell, 1979 [Dowell, , 1986 .
www.intechopen.com [Laevers, 1995] The effective size of the building elements increases by increasing current density and decreasing graining frequency [Terryn et al, 1988 [Terryn et al, , 1991a [Terryn et al, , 1991b . The walls of hemispherical pits become smooth as the size of cubic pits decreases with increasing frequency [Terryn et al, 1988 [Terryn et al, , 1991a [Terryn et al, , 1991b .
Intermetalics present in the substrate influence the graining mechanism. Many pits are initiated at sites of intermetalics, especially in the presensce of Mg, Fe, Zn and Cu, but not all particles have the same active role during the electrograining [Dowell, 1986] .
For 1 wt% of manganese alloyed aluminum plate with most of the manganese (0.9 wt%) present in solid solution, a lateral and unidirectional growth of hemispherical pits occurs, creating worm-like pits [Laevers et al, 1996] . It was assumed that the worm-like pits observed are also influenced by other alloying elements present in solid solution, such as iron, silicon and titanium for AA1050 aluminum [Laevers et al, 1996] .
In general it can be concluded that HCl and HNO 3 can give different pit shapes, but in both cases during the anodic half period a large number of pits is created simultaneously and with time growth or new pits are initiated and at a certain moment some pits will merge together creating bigger pits (Figure 9 ). The final surface morphology can vary between uniform morphologies with homogeneously distributed pits to areas with plateaus or a non uniform distribution of pits.
Pit size
Electrograining in HCl gives at the first cycles large hemispherical pits in different sizes which become broader and grow till they merge [Thompson & Wood, 1978 , Terryn et al 1988 , 1991a , 1991b , Dimogerontakis et al, 2006 , 2007 .
After electrograining in HCl and examining the surface at different times Lin et al (2001) reported the different evolution during the graining of the fine, hemispherical and worm like pits. Within the first 60 seconds they showed that the small dotted-like pits grow and coalescence with the fine pits to form more hemispherical pits. While the process continues the worm pits merge with the growing hemispherical pits and disappear. After around 120 seconds most of the aluminium surface is dotted with large hemispherical pits with a uniform distribution which can lead upon further graining into the growth and merger with other hemispherical pits, forming pit sizes of 5μm. In the same study cross-sectional images showed that the surface of the worm like pits is dotted with fine hemispherical pits whereas the hemispherical pits are observed with flat walls. The fine pits have a smaller depth than the hemispherical ones, which indicates that the growth of the hemispherical pits prevails and propagates into the aluminium substrate.
An increase in the current density can decrease the pit population density, but increases the mean value of the pit size [Dimogerontakis et al, 2006] . With an increased current a higher concentration of aluminium ions inside each pit is obtained during the anodic half cycle making the pore of the pit bigger while during the cathodic half cycle a larger precipitation of smut takes place due to the higher local pH increase [Dimogerontakis et al, 2006] . Fig. 9 . Pitting morphology after electrograining with HCl (left) and HNO 3 (right) nder the same electrograining conditions [Laevers, 1995] 
Correlation with smut
A very important parameter for the development of graining morphologies is the number of sites where key pits are initiated, mainly determined by the surface condition of the aluminium substrate and the propagation rate of the sites, depending on the features of the applied alternating current [Laevers, 1995] .
It was observed that the weight of the smut layer increases linearly with the consumed electric charge during graining in hydrochloric acid [Dimogerontakis et al, 2006] . By applying a high electric charge the formation of an increased smut layer will cause the repassivation of the metal resulting in the increase of the cathodic potential [Terryn 1987 , Dimogerontakis et al, 2006 . A more intensive hindrance during the cathodic reaction could be due to the fact that the H 2 evolution was observed to be mass transport controlled [Laevers, 1995] . In this way the formation of a thick hydrated smut layer can hinder the reaction of the hydrogen ions [Dimogerontakis et al, 2004 [Dimogerontakis et al, , 2006 ]. An increase of the current density results in a smut layer formation with increasing size of hemispherical pits [Dimogerontakis et al, 2006] . On the other hand, a less uniform graining morphology was developed by increasing the current density [Dimogerontakis et al, 2006] . The lower the amount of formed smut the more uniform graining morphology is obtained with small hemispherical pits, a high pit population density and a more uniform size distribution.
Conclusion
Electrograining is an important process for the lithographic printing plate industry and for aluminium capacitor foil production. The purpose of electrograining is to create a higher surface area with a convoluted surface of pits with narrow size distribution, shallow depths and no ungrained or plateaus areas.
During electrograining the aluminium surface is continuously undergoing a process of pitting and repassivation. In the anodic polarisation which occurs during the first half cycle of the electrograining period, pit formation enhanced by chloride or nitrate ions is observed while during the cathodic half cycle an increase of the pH due to H 2 production occurs. The latter leads to the precipitation of Al(OH) 3 on the surface creating a layer called smut. The smut is a gel that contains 5% Al(OH) 3 , 5% Al and 90% water.
It is clearly seen that the understanding of the electrograining mechanism was and still remains a subject for extended research. All the different parameters analyzed give different information regarding the reactions taking place, the dissolution of aluminium, the formation of the pits, the smut deposition and the final morphology.
In this paper we presented studies mainly focusing on electrograining in HCl or HNO 3 electrolytes. HCl is one of the most common used electrolytes for the electrograining of aluminium. It gives a characteristic crystallographic pitting morphology whereas a shallower pitting structure can be achieved when electrograining in HNO3 electrolyte occurs. In general both electrolytes give similar overall surface morphologies under certain electrograining conditions, but the morphology of the individual pit is still different. HF is known to give a high density of small and uniform pits. At high electrolyte concentrations and low current densities etch-like morphologies are obtained whereas with increasing current density and decreasing concentration, uniform and hemispherical pits are observed, with sizes depending on the frequency. At very low concentrations and very high current densities, a non-uniform pitting morphology is obtained because hemispherical pits grow laterally until they intersect. On the other hand with an increasing electrolyte flow across the electrodes, the surface morphology will tend towards an etch-like morphology, with no hemispherical pits.
The addition of acids can change the surface morphology. Similar morphologies to HCl were seen with the addition of acetic acid giving larger pits with finer features whereas the addition of citric acid results in shallower hemispherical pits. Significant difference was observed with the addition of DPPD with very deep pits and large plateau areas.
The initial substrate surface morphology can influence the final pitting morphology as it was observed in many studies. Pit initiation and nucleation were observed to occur at metallurgical, mechanical or compositional flaws in the aluminium surface. Intermetallic particles and especially β-phase particles can act as cathodic sides promoting a local coarse pit development. The presence of manganese or silicon in solid solution gives less uniform pitting morphologies whereas when iron is present shallower pits are created. Zinc and magnesium due to a fast pitting initiation give surfaces with larger pits and eliminate plateau areas.
A thin and porous etch film leads to a homogenous grained surface due to a homogenous distribution of current density. A thick and compact film containing few defects causes the formation of large pits and extended plateaus as a result of current concentration at the defects. With high current we can obtain less but bigger pits due to the increased amount of produced smut as a result of the high concentration of aluminium inside the pits during the anodic half period.
An important parameter for the creation of the smut layer is the presence of hydrogen at the surface of the aluminium. The amount of precipitated aluminium hydroxide will be influenced by the time needed for a sufficient amount of H + to be gathered at the surface for the pH to rise above 5. The mechanism through which hydrogen gas escapes from the smut and is released in the bulk of the solution was described through SAXS data. It was proposed that when gas is trapped inside the smut a tortuous porous network is observed giving an increased pressure on the interface. This results in a more etch-like pitting morphology whereas when there is sufficient smut porosity and gas release a more uniform pitting morphology can be obtained.
A more thorough investigation regarding the smut film formation mechanism, the structure and the morphology of the smut in correlation to the hydrogen gas evolution during the cathodic polarisation on the electrograining of aluminium is necessary in order to be able to describe and correlate the influence of the hydrogen upon the final pitting morphology. Electrochemical Impedance data can give an inside observation of the retained gas; this is ongoing research yet to be published.
